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ABSTRACT
We investigate the hypothesis that quasars formed together with the stellar pop-
ulations of early-type galaxies. This hypothesis, in conjunction with the stellar ages of
early-type galaxies from population synthesis models, the relation of black hole mass
to bulge velocity dispersion, and the velocity dispersion distribution of spheroids from
the Sloan Digital Sky Survey, completely determines the cosmic accretion history of
supermassive black holes and the redshift evolution of the characteristic luminosity.
On the other hand the precise shape of the luminosity function of quasars depends
on the light curve of quasars and, in the optical, but no so much in X-rays, on the
covering factor of the dust surrounding the active nucleus. We find a plausible set
of assumptions for which the coeval formation of supermassive black holes and ellip-
tical galaxies is in good agreement with the observed B-band and X-ray luminosity
functions of quasars.
1 INTRODUCTION
Several pieces of evidence point to a link between quasars
and the formation histories of elliptical galaxies: i) Spec-
trophotometric studies of the host galaxies of optical quasars
show isophotal profiles consistent with the r1/4 law and
colours consistent with red old stellar populations (McLure
et al. 1999; Nolan et al. 2001). ii) A comparable number of
active galactic nuclei are embedded in dusty, violently in-
teracting, starbursting systems, which are thought to be the
progenitors of elliptical galaxies. iii) The comoving density of
bright quasars drops dramatically after z ∼ 2. By that time
the stellar populations of bright ellipticals have been formed.
In contrast, star formation in discs extends to much lower
redshifts. iv) There is mounting evidence for ubiquitous su-
permassive black holes (SMBHs) in the nuclei of spheroids
with a tight correlation of the form M• ∝ ση between the
BH mass M• and the velocity dispersion of the host galaxy
σ (Ferrarese & Merritt 2000; Gebhardt et al. 2000a,b; Mer-
ritt & Ferrarese 2001a,b; Tremaine et al. 2002). BHs found
in spiral galaxies are much less massive (Salucci et al. 2000).
The existence of a link between quasars and ellipti-
cal galaxies is thus difficult to dispute. However, the fu-
elling mechanism and the timing of the active phase are
still not well understood. In the hierarchical picture for
galaxy formation it is natural to assume that the active
phase coincides with the mergers responsible for determin-
ing the elliptical morphologies (Cattaneo, Haehnelt & Rees
1999; Kauffmann & Haehnelt 2000; Haehnelt & Kauffmann
2000; Cattaneo 2001; Kauffmann & Haehnelt 2002; Volon-
teri, Haardt & Madau 2002). The active phase may not coin-
cide with the epoch of star formation if much of the gas mass
has already formed stars before the mergers. Kauffmann &
Haehnelt succeeded in reproducing a good agreement with
the luminosity function of quasars over the magnitude range
−28 < MB < −25. They were also able to reproduce the
qualitative evolution of the luminosity function with red-
shift, but they could not account for the observed sharp
decline in the comoving density of quasars at z ∼< 2 (Fig. 9
of Kauffmann & Haehnelt 2000). In the hierarchical model
the cooling of pristine gas forms larger and larger galaxies
at low redshift. That partly compensates the decrease in the
merging rate and the consumption of gas by star formation,
and has been indicated as the most plausible cause for this
discrepancy.
Granato et al. (2001) explored the alternative assump-
tion that quasars were formed monolithically together with,
or just after, the stellar populations of elliptical galax-
ies. They started from the observed luminosity function of
quasars and used the assumption of the joint formation of
quasars and spheroids to derive the rate of formation of
spheroids at high redshift. The predicted contribution of
spheroids to SCUBA counts was found to be in agreement
with the existing data. The Granato et al. model is phe-
nomenological because of the lack of a model to incorporate
monolithic collapse into cold dark matter cosmologies.
This paper continues the approach of Granato et al.
Our main aim is to determine if the assumption that quasars
were formed together with the stellar populations of ellipti-
cal galaxies is consistent with the observed luminosity func-
tion of optical quasars. The ingredients of the paper are:
i) the relation of BH mass to bulge velocity dispersion, ii)
the velocity dispersion distribution of spheroids, and iii) the
stellar ages of ellipticals inferred from population synthesis
models. In Section 2 we combine these ingredients to con-
struct our model of the luminosity function of quasars. In
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Section 3 we compare our model luminosity function with
the pure luminosity evolution model of Boyle et al. (2000)
and the X-ray data of Cowie et al. (2003).
As a final point before we start, it is important to clarify
that we do not think of monolithic collapse as an alterna-
tive to hierarchical structure formation. When we write that
massive ellipticals were formed monolithically at high red-
shift, we just mean that they have been passively evolving
since z ∼ 2 (e.g. Bernardi et al. 2003b,c,d). This is not in
conflict with the merging scenario if the mergers in which the
stellar populations of these galaxies were formed happened
at z ∼> 2. Similarly, when we write that quasars were formed
together with the stellar populations of ellipticals, we do not
mean the processes of BH accretion and star formation are
synchronous. We just mean that if there is a delay of one
with respect to the other, this delay is short in compari-
son with the age of the Universe. However, the delay can
be significant in relation to the star formation time-scale or
the quasar life-time, and that would have important conse-
quences if we tried to predict the colours and infrared/sub-
millimetre properties of quasar hosts (e.g. Archibald et al.
2002). See also Romano et al. (2002) and the new obser-
vations by Dietrich et al. (2003) and Baldwin et al. (2003)
for a discussion of the quasar timing in relation to the star
formation history of the host galaxy.
2 A MONOLITHIC COLLAPSE MODEL OF
THE LUMINOSITY FUNCTION OF
QUASARS
2.1 Ingredients
In this section we shall develop a monolithic collapse model
for the observed luminosity function of quasars and its evo-
lution.
In our model quasars have a distribution of masses
M• and times of formation tf (time means lookback time
throughout this paper). Quasars do not shine before their
time of formation. At t < tf quasars shine with
Lbol(t) = Lbol(M•, tf , |t − tf |). (1)
The luminosity function at t is the sum of the contributions
from all quasars of all masses which formed at earlier times
than t. Therefore, two elements combine to determine the
luminosity function of quasars in our model: i) the joint
distribution of M• and tf , and ii) the quasar light curve
(Eq. 5).
The goal of this paper is to test the hypothesis that the
distribution of M• and tf is determined by the distribution
of velocity dispersions and stellar ages of elliptical galaxies.
We note that this hypothesis only enters point (i). Instead,
the two physical quantities that determine the light curve
are the life-time and the radiative efficiency of quasars. Our
strategy is therefore as follows. Firstly, we shall use the early-
type galaxy sample in the Sloan Digital Sky Survey (SDSS,
Bernardi et al. 2003a) to infer a joint distribution for M•
and tf (Section 2.2). Then we determine what light curve
gives a good fit to the observed blue luminosity function
when taken in combination with this distribution. The idea
is that if we find a good fit by using a quasar life-time and a
radiative efficiency which are consistent with those favoured
by the literature, then we have an argument for believing
that we have a tenable model for the distribution of masses
and formation times of SMBHs.
2.2 Black hole formation times and masses from
the SDSS
Our model relates the masses and formation times of quasars
to those of early-type galaxies. We discuss the distribution
of quasar masses first, and then discuss the distribution of
formation times at fixed mass.
BHs of mass M• are thought to form in galaxies with
velocity dispersion σ given by
M• = 1.7× 108h−165 σ5200M⊙, (2)
(σ200 ≡ σ/200 km s−1). Therefore, if the distribution of stel-
lar velocity dispersions is known, the distribution of BH
masses can be obtained by a change of variables. The power
in Eq. (2) is still the object of a controversy. We have used
a power of 5 because it gives the best fit to the luminosity
function of quasars (see the next Section), but a power of 4
would still give an acceptable fit to the luminosity function,
specially if one readjust the stellar ages within their large
margins of error.
Bernardi et al. (2003a) present a sample of nearly 9000
early-type galaxies at redshifts z < 0.3, selected from the
SDSS by using morphological and spectral criteria. In a
series of papers they study the properties of early-type
galaxies such as the luminosity function, and various early-
type galaxy correlations in multiple bands (Bernardi et al.
2003b), the Fundamental Plane and its dependence on wave-
length, redshift and environment (Bernardi et al. 2003c),
the colours, and how the chemical composition of the early-
type galaxy population depends on redshift and environment
(Bernardi et al. 2003d). In this SDSS sample, the distribu-
tion of the velocity dispersion σ is
N(σ) dσ = 1.388 × 10−3h365
(
σ
94.4km s−1
)6.3
×
× exp
[
−
(
σ
94.4km s−1
)2] dσ
σ
(3)
(Sheth et al. 2003). By inserting the M•(σ) variable trans-
formation into the N(σ) from the SDSS we have a model for
the distribution of M•.
The next step is to determine the distribution of forma-
tion times. We assume that this is given by the distribution
of formation times for the stellar populations of early-type
galaxies. As we describe below, this too can be determined
from the SDSS sample.
The signal-to-noise ratios of the spectra in the SDSS
sample are substantially smaller than the S/N ∼ 100 re-
quired to estimate the Lick indices reliably. One of the re-
sults of Bernardi et al. (2003d) is a library of 182 co-added
spectra, which contains spectra that represent a wide range
of early-type galaxies. Specifically, galaxies were divided into
six bins for each of the following quantities/characteristics:
luminosity, velocity dispersion, size, redshift and environ-
ment. The spectra in each bin were co-added (this was a
straight average, i.e., no weighting by S/N was used). The
bin sizes were chosen to be small enough that each compos-
ite spectrum is truly representative of galaxies with similar
c© 0000 RAS, MNRAS 000, 000–000
The quasar epoch and the stellar ages of early-type galaxies 3
properties, but large enough to ensure that the resulting co-
added spectra have S/N > 50 (the mean S/N per pixel is
129 with a rms scatter of 37, and the maximum S/N is 238).
The co-added spectra were used to obtain reliable estimates
of absorption-line strengths and to investigate the chemical
evolution and star formation histories of early-type galaxies.
By comparing the measured line indices (Mgb and Hβ)
reported in Table 4 of Bernardi et al. (2003d) with the sin-
gle burst stellar population models of Worthey et al. (1994)
it is possible (by linear interpolation) to determine the age
and the metallicity of each spectrum. There are at least two
caveats associated with these age estimates. First, the age
estimates make use of models which assume that the bulk
of the stellar population formed in a single burst. Second,
the models assume solar values for the ratio of α element
abundances relative to iron, whereas early type galaxies have
[α/Fe] enhanced relative to the solar value. Bernardi et al.
(2003d) describe a simple correction for this, but their cor-
rection is by no means secure. However, by applying that
simple correction the resulting galaxy age estimates given
by the (Mgb and Hβ) diagram are consistent with the ages
obtained by using the (Fe and Hβ) measurements. In addi-
tion, the resulting age estimates from galaxies in different
redshift bins are consistent with one another, once the cos-
mic time difference between different redshifts has been ac-
counted for. That suggests that these single-burst ages offer
at least a self-consistent picture of the passive evolution of
the early-type galaxy population. These age estimates are
also consistent with the evolution of the luminosity function
(Bernardi et al. 2003b), the colours (Bernardi et al. 2003d)
and the Fundamental Plane (Bernardi et al. 2003c). It is
these single-burst ages which we use in what follows.
Table 4 of Bernardi et al. (2003d) also provides the ve-
locity dispersion, σ, and the redshift of the spectra. Thus, for
each redshift bin, we can compute the mean age as function
of velocity dispersion. The result is shown in Fig. 1 (open
squares show the measurements from spectra at z < 0.075
and filled circles refer to spectra in the redshift interval
0.075 < z < 0.1). The error bars show the rms scatter di-
vided by
√
N . Notice that there is a strong correlation be-
tween stellar velocity dispersion and age: the galaxies with
the highest values of σ contain the oldest stellar populations.
Other analyses of the stellar populations of early-type galax-
ies come to a similar conclusion. E.g., Thomas, Maraston &
Bender (2002) find a similar trend, although the actual ages
they report are slightly older. If we use their models to es-
timate ages in the SDSS data, then we also find higher for-
mation redshifts, and a shallower relation between age and
σ.
The dashed line in Fig. 1 shows a simple fit to the rela-
tion between age and σ:
t¯ =
[
12.05 − 45
(
Log
σ
339 kms−1
)2]
Gyr. (4)
Fig. 1 also shows that there is a spread in ages at fixed
velocity dispersion of ∆t ∼ 2 Gyr, which is approximately
independent of σ (the dotted lines show t¯ ± ∆t). We as-
sume that this spread is Gaussian. Thus, the SDSS sample
provides us with a measurement of the joint distribution of
early-type galaxy velocity dispersions and formation times.
Therefore, we now have a model for the joint distribution of
Figure 1. The stellar age - velocity dispersion dispersion relation
in the galaxy sample of Bernardi et al. (2003d; open squares:
z < 0.075; filled circles: 0.075 < z < 0.1). The solid line shows the
expected mean age - σ relation if the stars and the supermassive
black holes of elliptical galaxies were formed at the same cosmic
time (Eqs. 2 and 9, see Section 3). The dashed line (Eq. 4) is a fit
to the stellar ages of ellipticals (shown by the points with error
bars). This fit is used to calculate the optical luminosity function
(Fig. 2) and the cosmic accretion rate (Fig. 4) of quasars. The
dotted lines correspond to a spread of ± 2Gyr about the dashed
line.
BH masses and formation times which we can use to con-
struct our model of the quasar luminosity function.
2.3 The quasar light curve
We assume that a quasar of mass M• which forms at tf
shines at t ≤ tf with luminosity:
Lbol = m˙0LEdd(M•)exp
(
−|t− tf |
tQSO
)
, (5)
where m˙0 < 1 is a free parameter, which may depend onM•
and z. This is our way of specifying Eq. (1). Here
tQSO = 0.44
ǫ
m˙0
Gyr (6)
is the characteristic life-time of quasars determined by the
condition
∫
Lbol dt = ǫM•c
2, where c is the speed of light
and ǫ ∼ 0.1 is the radiative efficiency of quasars.
In reality the quasar light curve will not be a simple
function such that in Eq. (5). Very probably there will be
two phases: a rising part, in which the luminosity is limited
by rate at which the BH can grow (the Eddington limit), and
a fading part, in which the luminosity drops as the quasar
runs out of fuel. Here we do not follow the mass growth of
the BH, so we do not have the mass as a function of time. In-
stead we take a model light curve Lbol(t) such as that given
by Eq. (5), which contains a number of free parameters in-
cluding the final BH mass M•. The careful reader will have
c© 0000 RAS, MNRAS 000, 000–000
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noticed that with this modelling Lbol can never be equal to
LEdd(M•), if the Eddington limit is to be respected, because
a quasar cannot have already reached its final mass at the
peak of its activity. We chose this model because LEdd(M•)
is the best estimate of the order of magnitude of the max-
imum luminosity a quasar can ever had. Any constant of
proportionality will be reabsorbed in the value of m˙0
The conversion of bolometric luminosities into blue
magnitudes and X-ray luminosities is performed by assum-
ing the spectral energy distribution in Elvis et al. (1994), for
which a bolometric luminosity of Lbol = 1.3 × 1046erg s−1
corresponds to a blue magnitude of MB = −25 and a total
luminosity in the 2-8 keV band of LX = 4×1044erg s−1. Also
notice that this is the emission corresponding to a quasar of
M• = 10
8M⊙ which is radiating at the Eddington limit.
In Section 2.5 we shall tune the free parameters ǫ and
m˙0 to fit the observed blue luminosity function, given the
joint distribution of M• and tf determined in Section 2.2.
2.4 Luminosity-dependent obscuration
There is one final subtlety that we must incorporate into our
model of the quasar luminosity function.
The development of spectropolarimetry imaging (see
Antonucci 2002), the discovery of type 2 quasars in X-ray
surveys (e.g. Norman et al. 2002) and the infrared spec-
troscopy of ultra-luminous infrared galaxies (see Lutz 2000;
Sturm et al. 1997) and radio galaxies (Hill, Goodrich &
De Poy 1996) have shown that many quasars do not con-
tribute to optical counts because of the presence of various
sorts of absorbers along the line of sight: dusty tori, narrow-
emission-line clouds, clouds of gas in the host galaxy, etc.
(see Rowan-Robinson 1995). Scheuer (1987) and Barthel
(1989) used the dusty torus model to propose that radio-
loud quasars and radio galaxies are the same type of object
– the former observed pole-on, the latter with the torus’s
axis close to the plane of the sky. In this way, they suc-
cessfully extended to radio sources the orientation model
introduced by Antonucci & Miller (1985) to unify Seyferts
1 and Seyferts 2.
There is evidence that the ratio of obscured to unob-
scured quasars is a function of the bolometric luminosity.
E.g. for radio-loud objects Lawrence (1991) found that at
the highest radio luminosities the numbers of broad-line
and narrow-line quasars are about even, while the ratio of
narrow-line and reddened broad-line quasars is substantially
higher at lower radio powers. His explanation was that, as
the quasar grows more and more powerful, it heats the sur-
rounding dust to the point of sublimation. Consequently, the
dusty torus is eroded from within and opens up its angle.
This is called the receding torus model and predicts that the
tangent of the torus’s opening angle scales as a power of the
radio luminosity.
While the absorbing material may not always have the
form or the geometry of a dusty torus, the finding that the
fraction of broad-line quasars is much lower at lower source
power is strongly supported by recent X-ray studies. An ex-
tremely deep (∼ 1Ms) CHANDRA X-ray study of the Hub-
ble Deep Field North and its environs has resolved 90% of
the X-ray background from the targeted sky area into 370
discrete X-ray sources (Brandt et al. 2001). Barger et al.
(2002) have been able to collect good quality optical spec-
tra, and therefore spectroscopic redshifts, for 170 of these
sources. It is obvious from this work and from another more
recent paper of the same group (Cowie et al. 2003) that
broad emission lines are much more common in objects that
are very luminous in hard X-rays. The majority of objects
with low hard X-ray luminosity show absorption features
at soft X-rays consistent with very large column densities
(NH > 10
23 cm−2) as well as very steep (highly absorbed)
infrared/optical spectra when compared with the median
spectral energy distribution of Elvis et a.(1994). Also see
Mainieri et al. (2002) for the relation between X-ray ab-
sorption and optical reddening/obscuration.
In our Monte Carlo simulations, we assume that the
probability of a quasar being observed is proportional to
the opening cone of a torus, the opening angle θ of which is
determined by the relation
tan θ = (Lbol/Lpi/4)
η, (7)
independently of whether that is the real geometry of the
obscuring screen. Here we treat Lpi/4 and η as two addi-
tional free parameters, besides ǫ and m˙0, which we use to fit
the observed blue luminosity function of quasars. In a forth-
coming publication Cattaneo et al. (2003) will analyse the
fraction of obscured quasars as a function of Lbol for X-ray
selected quasars.
3 COMPARISON WITH THE OBSERVED
OPTICAL AND X-RAY LUMINOSITY
FUNCTIONS
Following Boyle, Shanks & Peterson (1988), it is usual to fit
the blue luminosity function of quasars to a double power
law function of the form:
φ(MB, z) =
φ∗
100.4[MB−MB(z)](α+1) + 100.4[MB−MB(z)](β+1)
(8)
where the only dependence on redshift is in the characteristic
magnitudeMB =MB(z) at which the exponent of the power
changes (pure luminosity evolution).
Boyle et al. (2000) have analysed over 6000 quasars from
the 2dF QSO Redshift Survey. For a cosmology with Ω = 0.3
and Λ = 0.7 (assumed throughout this paper) their best
fit parameters are: φ∗ = 2.9 × 10−6h565 Mpc−3mag−1, α =
−1.58, β = −3.41, and
MB(z) = −22.08− 2.5(1.36z − 0.27z2) + 5Logh65. (9)
Here h65 ≡ H0/65 kms−1 Mpc−1. The lines in Fig. 2 show
the pure evolution model of Boyle et al. from z = 2.3 (upper
solid line) to z = 0.61 (lower dashed line).
Our best fit to the pure luminosity evolution model of
Boyle et al. (2000) is shown by the symbols in Fig. 2 (open
squares, filled circles and hexagons) and is obtained for a BH
radiative efficiency of ǫ = 0.1 and a power of η = 0.88 in the
scaling of the torus opening angle with luminosity (Eq. 7).
To obtain the best fit we normalise the relation between
opening angle and luminosity, which means we set the value
of Lpi/4, so that a quasar with MB = −24 has a 50% chance
of being observed. We find no need to change these three
quantities (ǫ, η, Lpi/4) with redshift. Instead, to find a good
fit, we need to allow for a dependence on redshift in the
value of m˙0. We find a good agreement with the luminosity
c© 0000 RAS, MNRAS 000, 000–000
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Figure 2. Simulated blue luminosity functions of quasars: 0.61 <
z < 0.93 (open hexagons); 1.1 < z < 1.5 (filled circles); 1.8 < z <
2.3 (open squares). The lines are shown for comparison and give
the pure luminosity evolution phenomenological model of Boyle
et al. (2000; Eqs. 8-9).
function of Boyle et al. if low redshift quasars begin their
growth at a lower fraction of the Eddington limit, or, put
in other words, if the life-time of quasars is longer at low
redshift. The best agreement with the observations is for
m˙0 = 0.7 at z ∼ 2, m˙0 = 0.4 at z ∼ 1.3, and m˙0 = 0.2 at
z ∼ 0.7−0.8. We shall comment on this finding in Section 5.
We only fit the luminosity function at z < 2.3 because using
the model at higher redshifts is equivalent to extrapolating
the fit provided by Eq. (4) to σ > 250km s−1 (see Fig. 1),
and it is not clear that this extrapolation is warranted.
As a check, we show that the evolution of the charac-
teristic blue luminosity in the Boyle et al. model is directly
consistent with the σ-age relation for early-type galaxies.
For this purpose, let us call Lbol(z) the characteristic lumi-
nosity as a function of redshift, which we infer from Eq. (9)
by using the bolometric corrections in Elvis et al. (1994).
We use the Eddington limit to associate a characteristic BH
mass M• to a characteristic luminosity Lbol. Similarly, we
use our model cosmology (Ω = 0.3 and Λ = 0.7, h65 = 1) to
calculate the lookback time t of an event at redshift z. So, we
have determined M•(t), the characteristic mass of quasars
that form at lookback time t. With this double transforma-
tion and by using Eq. (2), which relates the BH mass to
the velocity dispersion, the function MB(z) of Eq. (9) be-
comes the function σ(t) displayed as the solid line in Fig. 1.
This figure shows consistency between the σ-age relation
of early-type galaxies derived from the stellar population
synthesis models and the cosmic evolution of the charac-
teristic luminosity of quasars. The solid line turns back at
Log(σ/kms−1) ≃ 2.36 because MB(z) reaches a minimum
at z ≃ 2.52. The point is that the blue luminosity function
of bright quasars rises up to z ∼ 2.5 and then drops. In our
model we interpret that as consequence of the fact that t¯(σ)
Figure 3. Simulated X-ray luminosity function of quasars at
0.1 < z < 1 (dashed line) and 2 < z < 4 (solid line) compared
with the data points by Cowie et al. (2003).
reaches a maximum at t¯max ∼ 12Gyr because it is difficult
for a galaxy with Log(σ/kms−1) ∼> 2.5 to be assembled in
less than ∼ 2.5Gyr (14.46 Gyr is the age of the Universe
in the cosmology used for this paper). Only a Gaussian tail
of increasingly rarer galaxies form at t > t¯max. So in our
model the luminosity function drops at z ∼> 2.5 because the
number of quasars, and not their characteristic luminosity,
drops. However, in the Boyle et al. s pure luminosity evo-
lution model a fall in the characteristic luminosity is the
only way to reproduce the decrease of the blue luminosity
function. Consequently, we do not think of the discrepancy
at Log(σ/kms−1) > 2.36 as a failure of our model. More-
over, we remark that in our model a large fraction of the
quasars at lookback time t ∼ 11.5Gyr are in galaxies with
Log(σ/kms−1) ∼ 2.3 and not Log(σ/kms−1) ∼ 2.4. That
is because the former are much more numerous than the
latter (Eq. 3) and because we have assumed that there is a
large spread (∼ 2Gyr) around t¯ (see comment at the end
of this section). It can be argued that the test performed in
this paragraph is redundant because if our model reproduces
the luminosity function and its redshift evolution, then au-
tomatically it also reproduces the redshift evolution of the
characteristic magnitude at which the slope of the luminos-
ity function changes. However, the interesting point of this
check is that the comparison in Fig. 1 is independent of
any free parameter. So the comparison in Fig. 1 probes the
distribution of BH masses and formation times directly, in-
dependently of the details of the light curve (as long as m˙0
is not much smaller than one).
A comparison of Figs. 2 and 3 show that while Eq. (4) is
the driving factor in determining the evolution of the comov-
ing density of bright quasars, the evolution of faint sources
is almost entirely driven by the assumption made about the
obscuration.
c© 0000 RAS, MNRAS 000, 000–000
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Now all parameters are fixed and we no longer have any
freedom for adjusting the X-ray luminosity function. With
the bolometric correction for the X-band inferred from the
Elvis et al. (1994) spectral energy distribution and by as-
suming that we can neglect X-ray absorption, we find the
X-ray luminosity function shown by the lines in Fig. 3, which
we compare with the data points of Cowie et al. (2003) from
the CHANDRA Deep Field North (CDFN). The difference
between the observed and simulated 0.1 < z < 1 luminos-
ity functions at LX < 10
43 erg s−1 is not significant because
that part of the diagram receives a contribution from ac-
tive galactic nuclei in the bulges of spirals and Eq. (3) only
contain information about early-type galaxies.
As a final comment, we note that, in order to reproduce
the quasar luminosity function successfully, it is necessary
that a large part of the age spread in Eq. (4) is intrinsic,
and not just the consequence of measurement errors. Other-
wise, the only BHs that would be forming at lookback time t
would be those with M• ≤M•[σ(t)], where M•(σ) and σ(t)
are given by Eqs. (2) and (4). So there would be a sharp
cut-off in the luminosity function of quasars at LEdd[M•(t)],
which is not found in the observation (in our model the
life-time of quasars is so short that the contribution to the
luminosity function at lookback time t from quasars formed
at higher redshifts is negligible).
4 COSMIC ACCRETION HISTORY OF
SUPERMASSIVE BLACK HOLES
The previous section showed that a picture in which the for-
mation of SMBHs is closely tied to that of elliptical galaxies,
is consistent with the observed quasar luminosity function.
We now explore what this implies for the cosmic accretion
history of SMBHs.
The BH mass per comoving volume in galaxies with ve-
locity dispersion between σ and σ+dσ isM•N(σ) dσ, where
N(σ) dσ is given by Eq. (3) of the previous section. In the
previous section we modelled the formation time distribu-
tion of elliptical galaxies as a Gaussian with mean t¯(σ) and
standard deviation ∆t(σ) ∼ 2 Gyr inferred from the SDSS
measurements (Eq. 4, dashed line in Fig. 1). Therefore, in
this model, the cosmic accretion rate of SMBHs is:
ρ˙•(t) =
∫
M•(σ)N(σ)√
2π∆t(σ)
exp
{
− [t− t¯(σ)]
2
2∆t2(σ)
}
dσ. (10)
This estimate of the cosmic accretion rate, which is
based on measurements of the properties of early-type galax-
ies, can be compared with a lower limit which comes directly
from the quasar luminosity function:
dρ•
dz
=
1
ǫc2
∫
Lbol(MB)φ(MB , z) dMB (11)
where Lbol(MB) is the bolometric luminosity corresponding
to a quasar of blue magnitude MB , c is the speed of light,
ǫ is the radiative efficiency of quasars, and φ(MB , z) is the
luminosity function of quasars at redshift z (So ltan 1982;
Chokshi & Turner 1992). With the luminosity function of
Boyle et al. (2000; Eqs. 8-9), Eq. (11) becomes:
ρ˙• =
1
ǫc2
(1.08φ∗)Lbol[MB(z)]
∫
dζ
ζα−1 + ζβ−1
, (12)
Figure 4. The thick lines show the cosmic accretion rate inferred
from Eq. (12) for different values of the radiative efficiency. The
thin line shows the cosmic accretion rate from Eq. (10).
where the factor of 1.08 originates from converting from
magnitudes into luminosities.
Fig. 4 compares the cosmic accretion rates inferred from
Eqs. (10) and (12). Our model predicts that optical quasars
are not a good a tracer of the cosmic accretion history of
SMBHs. Our model does reproduce the observed peak of
the characteristic luminosity at z ∼ 2.5 (Fig. 2), but, as
seen in Fig. 4, the largest contribution to the cosmic den-
sity of SMBHs does not come from the very bright quasars
at z ∼ 2.5. It rather comes from intermediate luminos-
ity quasars at z ∼ 1 − 1.5, which are much more numer-
ous, although optical counts underestimate their number,
since they are much more frequently obscured than their
MB = −26 counterparts. This result is robust in the sense
that it is independent of m˙, Lpi/4 and η, and continues to
hold for reasonable changes of the fitting function (4). We
shall expand this point in the next section.
5 DISCUSSION AND CONCLUSION
In this paper we have demonstrated that a very simple model
in which quasars are short lived and form monolithically
with the stellar populations of elliptical galaxies reproduces
an excellent agreement with the optical and X-ray luminos-
ity functions of quasars if two very plausible and motivated
assumptions are made: i) the peak luminosity is ∼ LEdd at
z ∼ 2.5 but drops to ∼ 0.1LEdd at z ∼ 0, and ii) the less
powerful quasars are more likely to be absorbed at optical
wavelengths by large column densities on the line of sight.
Haiman & Menou (2000) and Kauffmann & Haehnelt (2000)
also found (from a completely different approach) that one
requires longer accretion time scales at low redshift to repro-
duce the optical luminosity function of quasars (assumption
i). That makes sense because cosmic structures that form
c© 0000 RAS, MNRAS 000, 000–000
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Figure 5. The clustering length for quasars with MB < −23
(open points; La Franca, Andreani & Cristiani 1998) compared
with the clustering length of local ellipticals and z ∼ 1 extremely
red objects (filled points; Daddi et al. 2001).
at high redshift are denser and therefore have shorter dy-
namical times. However, (ii) is the key assumption that has
allowed to find a good fit to the blue luminosity function
of quasars. This hypothesis can be checked by assessing the
fraction of objects with broad emission lines at different val-
ues of the intrinsic power. To construct a sample of objects
with the same intrinsic power one has to find a band in
which one can see the unobscured quasar emission. Studies
in this sense have done by using: i) Paschen spectroscopy
(Hill, Goodrich & De Poy 1996): broad lines in the Paschen
series should appear through the dust even for extinction as
high as AV = 15, ii) radio surveys (for radio-loud quasars;
e.g. Simpson 1998), and iii) X-ray surveys (e.g. Barger et
al. 2002). These studies confirm that the less powerful ac-
tive galactic nuclei are less likely to display detectable broad
line emission, but it is important to obtain a more quantita-
tive statement to be able to remove some of the uncertainty,
which is always present in models with a number of free pa-
rameters. Moreover, we need to understand whether not only
the column density but also the type of the absorber depends
on the range of power or changes with redshift. However, it
should be remarked that, while we need to make a number
of assumptions about the light curve in order to produce
a model for the quasar luminosity function, it is also true
that there are some results which are to a large extent inde-
pendent of the parameters and the parameterisation (Figs.
1 and 4). They are the results that originate directly from
our main assumption that SMBHs were formed at the same
epoch of the stellar populations of ellipticals.
A key ingredient of our model is the σ-age empirical
relation, which assigns older ages to the most massive ellip-
ticals. At a superficial look that seems to contradict hierar-
chical structure formation. Granato et al. (2001) proposed a
theoretical explanation for this finding. Stellar feedback can
prolong star formation in low mass haloes, while in massive
haloes the potential well is much deeper, and it is therefore
more difficult for the gas to be reheated or ejected. So the
less massive haloes, which are statistically the first ones to
virialise, do not form many stars. Stars form much more
rapidly and easily in the most massive haloes. That pro-
duces an antihierarchical behaviour of the baryons, where
the most massive galaxies are the first ones to form stars.
That antihierarchical behaviour is what makes the Granato
et al. model close to a monolithic one. Moreover Blanton et
al. (1999, 2000) have argued that the formation of large sys-
tems is prohibited at low redshift in hot cluster gas. When
environmental effects of that sort are included, inverted ages
arise naturally in hierarchical model of structure formation.
Here we have implicitly assumed that each SMBH forms
in one short (0.06-0.2Gyr) episode. Quasars cannot radi-
ate for much longer than that without producing an excess
of SMBHs (we have checked ourselves that if quasars with
MB < −26 which are active at z = 2.5 remained switched
on for the rest of the life of the Universe, that would leave
far too large a number of relic BHs with M• > 2×1010M⊙).
However, the accretion could still be spread over most of the
life of the Universe as a sequence of intermittent progres-
sively less violent bursts. In fact, it is plausible that many
low redshift quasars are triggered by the refuelling of SMBHs
formed at an earlier epoch. That is particularly true for BHs
that are found in rich environments (Cattaneo 2002). There
are, nevertheless, two points that should not escape our at-
tention. First of all, the decrease of the quasar clustering
length at low redshift is accompanied by a similar decrease
in the correlation length when we pass from z ∼ 1 extremely
red objects (EROs) to local z ∼ 0 ellipticals (Fig. 5). There
is evidence that the population of low redshift quasars is
dominated by the formation of new lower mass BHs in shal-
lower potential wells, which we identify with galaxies with
σ ∼ 110 − 130 km s−1. Haehnelt, Natarajan & Rees (1998),
Haiman & Loeb (1998), La Franca, Andreani & Cristiani
(1998), Kauffmann & Haehnelt (2000) and Haiman & Hui
(2001) reached a similar conclusion from Press-Schechter
theory, arguing for the continuous formation of new BHs
and short duty-cycles. Secondly, Shields et al. (2003) have
used width measurements of quasar emission lines to probe
theM•(σ) relation as a function of redshift (BH masses were
derived from the continuum luminosity and the broad Hβ
emission line of the quasar with a method known as reverber-
ation mapping, whereas the velocity dispersions of the host
galaxies were determined from the width of the narrow [O
III] lines. They found that the relation out to z ∼ 3 is indis-
tinguishable from that found locally and concluded that this
is consistent with the idea that SMBHs and bulges grow si-
multaneously. Thus, if BHs form after the host bulges, then
the delay has to be short in comparison with the Hubble
time.
Perhaps the most interesting result of this paper is that
optical quasars are biased tracers of the cosmic accretion
rate of SMBHs (Fig. 4). Although the optical luminosity
function peaks at z ∼ 2.5 (Fig. 2), most of the accretion
happens later (z ∼ 1.3−1.5, and even lower, when the contri-
bution from Seyferts in Sa-Sb bulges is considered) in lower
mass BHs. This accretion is not properly accounted for in
optical studies because it is highly obscured. The importance
of obscured accretion is demonstrated by the fact that opti-
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cal quasars account for ∼ 20% of the hard X-ray background
(e.g. Salucci et al. 1999). Our finding is also consistent with
the recent discovery from ultra-deep CHANDRA and XMM
counts that most of the X-ray background come from sources
around z ∼ 1 and not z > 2 (Rosati et al. 2002; Hasinger
2002; Franceschini, Braito & Fadda 2002), and also from the
X-ray selected quasar sample from the CDFN, where Cowie
et al. (2003) find that the most powerful quasars are much
more likely to show broad emission lines. Our confidence
about this result also relies on the fact that we are able to
reproduce a reasonable agreement with the observed X-ray
luminosity function of quasars (Fig. 3). This partly explains
why studies of quasars in the context of semi-analytic galaxy
formation have had so many problems finding the peak at
the right redshift: it is not because the model assumptions
were wrong in themselves, but that the power dependence
of the obscuration was not properly considered.
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